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Martensitic, magnetic transformations, and crystal structures in Pd–In–Fe alloys were investigated.
It was confirmed that some Pd–In–Fe alloys show martensitic transformation from a Heusler-type
L21 ordered bcc phase to a 2M-type DO22 structure and that an almost perfect superelastic effect
accompany the transformation can be obtained. Furthermore, some alloys show transformation from
the paramagnetic parent phase to the ferromagnetic martensite phase. © 2007 American Institute of
Physics. DOI: 10.1063/1.2749440
Shape memory alloys SMAs have some unique char-
acteristics such as the shape memory effect SME, super-
elasticity SE, magnetic field-induced strain MFIS, and so
on.
1,2 Nowadays, SMAs with SE are widely used for core
materials of medical devices,3,4 and those with MFIS which
should realize a much faster response time of the shape
change have attracted considerable attention as an advanced
type of magnetic actuator material.2,5–8 Especially, since the
discovery of Ni–Mn–Ga ferromagnetic shape memory alloys
FSMAs with a large MFIS over 6%,9,10 the FSMAs have
been actively investigated from physical, metallographical,
crystallographical, and technological points of view. Using
information on the phase equiribria and stability in these
alloy systems, the present authors’ group has recently found
various FSMAs, such as Ni–Mn–Al, Sn, Sb, In,11–13 Co–
Ni–Al, Ga,14–16 Ni–Fe–Al, Ga.17–19 The Pd–Al and Pd–In
binary alloy systems have an ordered bcc phase identified as
a B2 structure, and the Ni–Al binary alloy system involves a
martensitic transformation from the B2 to ordered fct L10
structure.20,21 Especially, the Pd–In alloys have already been
used for materials in dental devices because of their good
mechanical properties, the high corrosion resistance.22,23 Au
and Pt chips are usually attached to conventional medical
devices such as guidewires and stents in order to visualize
them within the human body under x-ray. Recently, with the
downsizing of medical devices for the use in the treatment of
the peripheral and cerebral vessels, core materials with high
x-ray contrast for such devices are strongly required. There-
fore, if Pd–In alloys with high x-ray contrast prove to have
excellent SE as exhibited by NiTi Nitinol SMAs, which
have already been used for device cores, these alloys are
expected to be used as device cores in interventional radiol-
ogy under image guidance with x-ray. No martensitic trans-
formation, however, has been found in those binary alloys.
Very recently, the present authors have studied the effect of
the third elements on the phase stability in Pd–In binary
alloy24 and found a martensitic transformation in Pd–In–Fe
Heusler L21 alloys. In this letter, the martensitic transfor-
mation and the magnetic properties of Pd–In–Fe alloys are
presented.
Pd–In–Fe alloys were prepared by induction melting un-
der an argon atmosphere. The obtained ingots were cut into
small pieces by a diamond saw and homogenized at 1473 K
for 1 day in a vacuum and then quenched in water. The mar-
tensitic transformation temperatures were measured by dif-
ferential scanning calorimetry DSC, the cooling and heat-
ing rates being 10 K/min. The magnetization and
thermomagnetization curves were measured by a supercon-
ducting quantum interface device SQUID magnetometer.
The crystal structure of the martensite phase was observed
by transmission electron microscopy TEM and the lattice
constant of the parent structure and that of the martensite
structure were determined from the x-ray diffraction. Exami-
nation of SE was conducted by a compression test at room
temperature using a single-crystalline piece with a diameter
of 1.5 mm which was prepared using the -pulling down
method.25 Single-crystalline pieces with 3.0 and 50 mm in
length were used for compressive testing and bending test-
ing, respectively. The crystallographic orientation of the
high-temperature cubic phase L21 structure was determined
based on the electron backscattering diffraction pattern.
Since there is no information on the Pd–In–Fe ternary
phase diagram, a special diffusion couple DC technique26
was applied to determine the phase equilibria in a wide con-
centration region of some isothermal sections.24 Details of
phase equilibria of the Pd–In–Fe ternary alloy determined by
the DC technique will be reported in the near future. Figure
1 shows an isothermal section diagram at 1473 K in the Pd-
rich corner of the Pd–In–Fe system. The  phase region con-
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FIG. 1. Phase diagram of the Pd–In–Fe system at 1473 K. The iso-Ms
contours in the  phase are also indicated.
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siderably extended toward the Pd–Fe side, and it was found
that martensitic transformation occurred in the Pd-rich side
of the  phase. The martensitic transformation starting tem-
perature Ms for every  alloy determined by DSC measure-
ment is plotted in the Pd–In–Fe diagram and estimated iso-
contour temperatures are given in Fig. 1. It can be seen that
the Ms increases with increasing Pd content. Figures 2a and
2b show the electron diffraction patterns taken from the
austenite and martensite phases of the Pd57In25Fe18 alloy
with Ms=323 K, respectively. Both the austenite and marten-
site phases could be observed at 293 K. It is seen that the
austenite phase has a L21-ordered structure, whereas the mar-
tensite phase has a 2M DO22 structure which shows a typi-
cal morphology of the martensite phase including many mi-
crotwins, as revealed in Fig. 2c, where this 2M structure
which martensitically formed from the L21 parent phase is
not the same as that L10 structure transformed from the B2
parent phase. Such martensitic transformation from L21 to
2M DO22 has also been observed in an as-aged Ni–Al–Mn
L21 alloy.
27 The lattice constants of the L21 a0 and DO22
a and c structures determined by x-ray analysis of the
Pd57In25Fe18 alloy were a0=0.6322 nm, and a=0.4162 nm
and c=0.7268 nm, respectively.
Figure 3a shows the thermomagnetization curves on
cooling and heating obtained by the SQUID technique for
the Pd56.2In26.3Fe17.5 alloy. The sample was first cooled down
from room temperature to 4.2 K in a zero field and then
heating and cooling curves were measured under magnetic
fields of 0.5, 5, and 50 kOe. From the thermomagnetization
curve at H=0.5 kOe, it can be seen that the magnetization,
which is almost zero at high temperatures, increases with
decreasing temperature and finally reaches a constant value
of about 6 emu/g. Moreover, the thermomagnetization curve
exhibits a small thermal hysteresis of about 30 K and has
singular points, as indicated by the arrows in Fig. 3a. Such
a thermal hysteresis is due to the martensitic transformation
and the singular points correspond to martensitic transforma-
tion temperatures, as indicated in Fig. 3a, where Mf is the
martensitic transformation finishing temperature, and As and
Af are the reverse martensitic transformation starting and fin-
ishing temperatures, respectively. These observations suggest
that the paramagnetic parent phase is transformed to the fer-
romagnetic martensite phase. The magnetization of the
ferromagnetic-like martensite drastically increases with in-
creasing applied magnetic field, and the magnetization
change by the martensitic transformation is enhanced by in-
crease of the applied magnetic field. The martensitic trans-
formation temperatures, however, hardly change with in-
creasing applied magnetic field. Although the Curie
temperatures of both the austenite and martensite phases in
the Pd56.2In26.3Fe17.5 alloy cannot be directly determined be-
cause the martensitic and magnetic transformations occur si-
multaneously, the Curie temperature of the martensite phase
can be detected to be about 163 K from the M-T curve in the
Pd57In25Fe18 alloy with Ms=323 K.
The magnetization curves of the martensite phase at 4.2,
50, and 100 K and the parent phase at 150 K in the
Pd56.3In26.3Fe17.5 alloy are shown in Fig. 3b. The austenite
phase shows a typical magnetization curve obtained in para-
magnetic material. On the other hand, that of the martensite
phase is likely ferromagnetic, although the magnetization of
the martensite phase is not completely saturated even in a
large magnetic field of 50 kOe. It is seen that the hysteresis
of the magnetization curves in the martensite phase is wid-
ened with decreasing temperature and that the coercivity of
the martensite phase at 4.2 K is much larger than that in
other FSMAs such as Ni–Mn–Ga,28 Fe–Ni–Ga,29 etc. The
reason for such a large coercivity is not clear at present.
Here, the stress-strain characteristic of the austenite
phase in a Pd56.8In25.4Fe17.8 alloy single crystal with Ms
=244 K, Mf =225 K, As=252 K, and Af =267 K was inves-
tigated. Figure 4a shows the compressive stress-strain
curve, whose strain rate is 0.1 mm/min at 293 K. The com-
pressive strain was applied in the direction plotted with a
filled circle in the stereographic triangle shown in Fig. 4a.
FIG. 2. Electron diffraction patterns obtained from a the austenite phase
and b the martensite phase in the Pd57In25Fe18 alloy at 293 K. c TEM
bright-field image taken from the martensite phase at 293 K.
FIG. 3. a Thermomagnetization curves of the Pd56.2In26.3Fe17.5 alloy mea-
sured in several magnetic fields together with martensitic transformations
Ms, Mf, As, and Af as indicated by arrows. b Magnetization curves of the
martensite phase at 4.2, 50, and 100 K and the austenite phase at 150 K for
the Pd56.2In26.3Fe17.5 alloy.
FIG. 4. a Compressive stress-strain curve for the Pd56.8In25.4Fe17.8 single-
crystalline alloy at 293 K. b Three-point bending stress-surface strain
curve for the Pd60.4In29.6Fe10 single-crystalline alloy at 293 K. The orienta-
tion dependences on the transformation strain calc in c tensile and d
compressive directions.
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It can be seen from the stress-strain curve that the stress-
induced martensitic transformation occurs when compressive
loading is applied and that nearly perfect reverse transforma-
tion occurs with unloading. The obtained transformation
strain TS was about 4.6%. It was also confirmed that the
present Pd–In–Fe alloys show the SME. It is well known that
the obtained superelastic strain for the single-crystal SMAs
strongly depends on the crystal orientation and can be esti-
mated by calculating the orientation dependence of the TS.1
In the present study, the orientation dependence of the TS for
the Pd–In–Fe alloy with the transformation from the L21 to
the 2M DO22 was calculated by using the lattice
deformation.30,31 Figures 4c and 4d show the orientation
dependences of the parent phase on the TS calc in the tensile
and compressive directions, where the filled circle in the ste-
reographic triangle for compression indicates the compres-
sive direction of Fig. 4a. It can be seen that the TS of the
tested specimen is in relatively good agreement with the cal-
culated one. It can be predicted that a large maximum TS of
15% is obtained in the 100 tensile direction, whereas a very
small TS less than 1% is obtained in the 111 tensile direc-
tion. On the other hand, the TS of about 7% in the 100 and
110 compressive directions can be expected, while no TS
can be obtained in the 111 compressive direction. Figure
4b shows the three-point bending stress-surface strain
curve at 293 K for a single crystal of the Pd60.4In29.6Fe10
alloy. It was also confirmed that a surface strain of about 7%
can be completely recovered in the bending deformation
mode. While Ni–Mn–Ga alloy is very brittle even in a
single-crystal state,32 a single crystal of the Pd–In–Fe alloy
shows excellent ductility. These results suggest that the
present Pd–In–Fe single crystals have potential for use not
only as FSMAs but also as the core material for medical
devices because of their high specific gravity 9.7 g/cm3,
which improve the x-ray contrast, and a high corrosion re-
sistance.
In conclusion, it was confirmed that the Heusler Pd–
In–Fe ternary alloy thermally transforms to martensite with a
2M structure and that in some of these alloys; the transfor-
mation is from the paramagnetic parent phase to the ferro-
magnetic martensite phase in the low-temperature region.
Furthermore, in the Pd–In–Fe single crystal with the 100
direction, a large TS of 15% under tensile loading is ex-
pected.
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